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Abstract
By means of relativistic density functional theory (DFT) calculations we study elec-
tron band structure of the topological insulator (TI) Bi2Se3 thin films deposited on
the ferromagnetic insulator (FMI) EuS substrate. In the Bi2Se3/EuS heterostruc-
ture, the gap opened in the spectrum of the topological state has a hybridization
character and is shown to be controlled by the Bi2Se3 film thickness, while magnetic
contribution to the gap is negligibly small. We also analyzed the effect of Eu dop-
ing on the magnetization of the Bi2Se3 film and demonstrated that the Eu impurity
induces magnetic moments on neighboring Se and Bi atoms an order of magnitude
larger than the substrate-induced moments. Recent magnetic andmagneto-transport
measurements in EuS/Bi2Se3 heterostructure are discussed.
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PACS: 73.20.-r, 75.70.Tj, 85.75.-d
1 Introduction
Since the discovery of three dimensional
TIs [1], magnetic proximity effect (MPE)
∗ E-mail: waptctce@ehu.es
at the TI/FMI interface has been consid-
ered as an effective method to break time-
reversal symmetry of topological states by
introducing an exchange field from FMI
into TI. Such physical phenomena as quan-
tum anomalous Hall effect and topological
Preprint submitted to Elsevier 12 November 2018
magneto-electrical effect critically rely on
finding a way to open up a magnetic gap at
the Dirac point of the topological states.
In our recent works [2,3], where the thor-
ough studies of MPE in TI containing het-
erostructures have been presented, it was
argued that the physics of MPE is intricate
enough and cannot be naively described
in the terms of two-dimensional Dirac-like
Hamiltonian with an added massive term.
On the other hand, intriguing peculiari-
ties in magnetic and magneto-transport
properties of the EuS/Bi2Se3 heterostruc-
tures have been recently reported in Refs.
[4,5]. It was shown the emergence of a fer-
romagnetic phase in TI with a significant
saturation magnetization [4]; below the
Curie temperature, unusual negative mag-
netoresistance was observed for the Bi2Se3
films thinner than ∼ 4 quintuple layers
(QL) deposited on EuS [5]. Motivated by
these important experimental results, be-
low we study the electron band structure of
the EuS/Bi2Se3 interface within the DFT
method. We focus on the spin polarization
of interface states and the spin density re-
distribution between FMI (EuS) and TI
(Bi2Se3) components of the heterostruc-
ture.
2 Computational details
For structural optimization and electronic
band calculations we use the Vienna Ab
Initio Simulation Package (VASP) [6]
with generalized gradient approximation
(GGA) to the exchange correlation poten-
tial. The interaction between the ion cores
and valence electrons was described by
the projector augmented-wave method [7].
Relativistic effects, including spin-orbit
coupling, were fully taken into account.
To describe the highly correlated Eu-4f
electrons we include the correlation effects
within the GGA+U method [8]. The val-
ues of U and J parameters were taken to
be of 7.4 and 1.1 eV, respectively [9].
To simulate the interface between FMI EuS
and TI Bi2Se3 thin film, the lattice con-
stant of the rocksalt EuS in the hexagonal
(111) plane is fixed to that of Bi2Se3 which
is ≈ 1.8 % smaller than the experimental
lattice parameter of EuS. The EuS(111)
substrate was modeled by a slab consist-
ing of 6 EuS bilayers. Eu-terminated side
of this slab was chosen as interfacial plane
while dangling bonds at the S-terminated
side of the slab were passivated by hydro-
gen atoms. The atomic positions within
the four near-interface atomic layers of
EuS slab and of Bi2Se3 thin film were op-
timized. A vacuum spacer of ∼ 15A˚ was
included to ensure negligible interaction
between opposite sides of the structure.
The optimized structure containing inter-
face between EuS(111) slab and 3 QL-thick
film of Bi2Se3 is shown in Fig. 1(a). Since
selenium and sulfur are isoelectronic ele-
ments, the interfacial (first) QL forms a
strong bonding with EuS substrate. The
equilibrium Se-Eu bondlength at the inter-
face is 3.043 A˚ that is only slightly larger
than S-Eu bond in EuS bulk (2.980 A˚).
3 Results
Three dimensional TI (e.g. Bi2Se3) pro-
mote the formation the topologically pro-
tected metallic states at the surface [1]
while when TI is reduced to a film of a few
QL thickness, the topological surface states
became gapped [10,11,12]. The electronic
spectrum of free-standing 3QL Bi2Se3 film
shown in Fig. 1(b) demonstrates the gap of
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Fig. 1. (Color online) (a) Bi2Se3(3QL)/EuS
heterostructure. Darkred and yellow balls in-
dicate Bi and Se atoms, respectively; Dark-
blue (Eu) and green (S) balls are atoms of
the EuS substrate, lightblue dots indicate pas-
sivation hydrogen layer on the free S-termi-
nated surface of EuS. (b) Electronic spectrum
of the free-standing 3QL-thick film of Bi2Se3.
Gapped topological state is framed by orange
dashed-line rectangle. (c) Charge density dis-
tribution along the axis z for double-degen-
erate gapped state at the Γ¯ point; horizontal
lines show position of atomic layers, shaded
areas mark QLs.
36.4 meV at Γ¯. The gap results from spa-
tial overlap of the states from the opposite
surfaces of the thin film (Fig. 1(c)), and its
size is determined by the film thickness.
The electronic structure of the 3QL Bi2Se3
film deposited on EuS slab is shown in
Fig. 2. The spectrum demonstrates simi-
Fig. 2. (Color online) Electronic structure of
Bi2Se3(3QL)/EuS. Size of red circles corre-
sponds to the weight of the states in the 5
atomic layers of EuS adjacent to the interface;
darkblue, lightblue and green circles denote
weight of the states in the first (interfacial),
second, and third (outermost) QLs of Bi2Se3,
respectively.
larities with that for a Bi2Se3/MnSe het-
erostructure [2]. As in the latter case at
the boundary between Bi2Se3 and EuS the
topological and ordinary interfacial states
arise [2,3]. It happens owing to modifica-
tion of the electrostatic potential in the
near-interface region caused by accumula-
tion of ∼ 0.6 electron within the interfa-
cial QL. The modified potential produces
trapping of the state localized in the first
QL and its shift to the lower energies. In
contrast to the Bi2Se3/MnSe case, where
the ordinary interfacial state has a gap of
56 meV, the occupied interfacial state in
Bi2Se3/EuS, lying at energy of −0.71 eV
at Γ¯, has a tiny Γ¯-gap of 7 meV. The small
magnetic splitting is explained by the fact
that the strongly localized Eu-f orbitals do
not contribute to the interfacial state. This
is responsible for negligible induced mag-
netization of the Bi2Se3 film provided via
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MPE. So, the magnetic moments on the Se
atoms, closest to the interface plane, and
on the next Bi atoms are -0.023 and +0.012
µB, respectively, and they are an order of
magnitude smaller on the deeper atoms
of the first QL. Like in the Bi2Se3/MnSe
case the occupied interfacial state has the
maximal localization near the interface
plane (Fig. 3a, darkblue line), decaying
into the EuS and Bi2Se3. As a function of
momentum it extends through the bulk
gap, crossing the Fermi level.
The gapped topological state become non-
degenerate acquiring a Rashba-like spin
splitting since the inversion symmetry in
Bi2Se3 film is broken due to the inter-
face [10,11]. The spatial localization of
the topological state mainly resided at the
outermost QL (Fig. 3a, green line) is al-
most unchanged as compared to that in
the free-standing Bi2Se3 film (Fig. 1(c)).
In contrast, spatial localization of the
state resided on the opposite side of the
Bi2Se3 film, adjacent to EuS substrate, is
strongly modified (Fig. 3a, lightblue line).
This state is relocated away from the in-
terface plane and its probability maximum
lies in the second QL. The similar behav-
ior was found for the topological Dirac
state in Bi2Se3/MnSe [2]. The energy gap
in topological state of the 3QL-thick film
deposited on EuS substrate increases with
respect to the free-standing Bi2Se3 film, up
to 64.6 meV, due to the relocation of the
topological state away from the interface
plane rather than by the MPE which is too
small. This explanation is consistent with
the fact that in the 2QL-thick Bi2Se3 film
with broken inversion symmetry the gap
between Rashba-like spin-split topological
states was found to be 97.3 meV [11].
In order to confirm that the gap in the
topological state in Bi2Se3/EuS system is
Fig. 3. (Color online) Spatial localization of
the ordinary interfacial (darkblue line) and
topological states localized at inner (lightblue
line) and outer (green line) side of the Bi2Se3
film of 3QL (a) and 5QL (b) thickness.
controlled by the thickness of the Bi2Se3
film only we increased its thickness up to
5QLs. As one can see in Fig. 3b, the spa-
tial distribution of the ordinary interfacial
state (darkblue line) is not sensitive to the
increase in the film thickness. The topolog-
ical state localized at the inner side of the
Bi2Se3 film, as in the previous case, is relo-
cated away from the interface plane (light-
blue line). At the same time the inner-side-
and outer-side-resided (green line) topo-
logical states become decoupled owing to
decaying overlap with the increasing film
thickness. This results in formation of the
gapless topological Dirac cones at energies
of −0.15 and −0.08 eV, localized at the
inner and outer side of the Bi2Se3 film,
respectively (Fig. 4). Moreover, the group
velocities in these states are almost the
same and well comparable with that in a
thick Bi2Se3 slab.
The obtained band structure of the 5QL
Bi2Se3 film deposited on EuS differs from
that of the Bi2Se3/MnSe heterostructure
[2] where the Dirac state is gapped due
to the interaction with spin-polarized ordi-
nary interface state. As is stated above, at
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Fig. 4. (Color online) Electronic structure of
Bi2Se3(5QL)/EuS.
the ideally sharp Bi2Se3/EuS interface, the
MPE is insignificant. But what happens if
the magnetic atoms are introduced into the
TI film? To study the possible effects of
the Eu atom doping on the magnetization
of Bi2Se3 we use a free-standing 1QL block
with 3 × 3 supercell where one of the nine
atoms in the outer selenium layer is sub-
stituted by an Eu atom. The largest mag-
netic moments, 0.24 µB, are obtained at the
second-layer Bi atoms, closest to the intro-
duced magnetic impurity. The third-layer
Se atoms, lying next to the magnetized Bi
atoms as well as fourth-layer Bi atom, lying
beneath the Eu atom, have smaller induced
magnetic moments, 0.05 and 0.06 µB, re-
spectively. The calculated net magnetiza-
tion induced on the Bi and Se atoms of the
supercell is found to be 1.20 µB.
4 Discussion and conclusion
Results of our theoretical study shed
light on the interpretation of magnetic
and magneto-transport experiments in
Bi2Se3/EuS heterostructures [4,5]. Our
calculations do not corroborate the idea of
the authors of Refs. [4,5] about a crucial
role of MPE in Bi2Se3/EuS heterostruc-
tures, leading to strong spin polarization
of interface electron states in Bi2Se3 film
and enhancement of indirect exchange cou-
pling between Eu local moments in EuS
layer via these states. On the contrary, the
calculations reveal an utterly small mag-
nitude of the induced spin polarization
of carriers under ideally sharp boundary
between EuS and Bi2Se3. It is quite rea-
sonable to attribute the observed the “in-
terface ferromagnetism” [4,5] to the Eu
atoms diffusion from the EuS into the first
QL of Bi2Se3 during the heterostructure
growth. According to our calculations, the
spin magnetization produced by the Eu
impurity atom is 1.20 µB per 3×3 unit cell
of Bi2Se3. Multiplying this quantity by the
Lande´ g-factor of ∼ 50 inherent in Bi2Se3
and presuming that 0-10 at.% of Eu atoms
penetrate from the EuS substrate into the
first QL of Bi2Se3, we can estimate the
effective magnetization due to “interface
ferromagnetism” as 7-13 µB per Eu atom.
That corresponds very well to the satura-
tion magnetic moment reported in Ref. [4].
We demonstrated that a weakly gapped
ordinary bound state caused by the inter-
face potential arises in the immediate re-
gion adjacent to the Bi2Se3/EuS interface.
The topological state also exists in the
vicinity of the interface, however it is re-
located from the interface plane to distant
atomic layers of the TI film and the spec-
trum of this state is remarkably changed
with the TI film thickness. Thereby there
are two distinct conducting channels near
the interface, ordinary and topological,
which suggest original character of low-
temperature transport properties of the
Bi2Se3/EuS system, in particular, unusual
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transition from the positive to negative
magneto-resistance as the TI film becomes
thinner than the critical thickness (∼ 4
nm [5]). Following our calculations, it can
be shown that Eu atoms diffusion can play
significant role in magneto-transport prop-
erties of the Bi2Se3/EuS heterostructure,
providing the spin polarization of the or-
dinary bound state at the interface. At
large thicknesses of the Bi2Se3 layer, the
weakly spin polarized high-mobility topo-
logical Dirac-like state relocated from the
interface dominates the electron transport
properties of the system and thus defines
positive sign of magneto-resistance. At
small thicknesses of the Bi2Se3 layer, when
the topological state becomes gapped due
to hybridization effect, only the strongly
spin polarized (due to above discussed “in-
terface ferromagnetism” effect) ordinary
bound state participates in the electron
transport and provides the negative sign
of magneto-resistance. The critical thick-
ness of the TI layer observed in [5] testifies
to the crossover between contributions of
topological and ordinary bound states into
the total magneto-resistance.
In summary, in this work we performed
the DFT calculations to study interfacial
states in the Bi2Se3/EuS heterostructures.
We demonstrated that ordinary and topo-
logical bound states co-exist near the in-
terface, thus defining a complex character
of magnetic and magneto-transport prop-
erties of the system.
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